Chemicals and reagents. LPS (Escherichia coli 0111:B4), capsaicin, reserpine, fusaric acid, dopamine, fenoldopam, pergolide and butaclamol were all purchased from Sigma-Aldrich (Saint Louis, MO) and dissolved in sterile pyrogen-free PBS (Gibco, Life Technologies, Grand Island, NY). Capsaicin (5 mg per kg body weight via intramuscular (i.m.) injection; dissolved in PBS with 10% ethyl alcohol) was administered at 72 h and 48 h before the LPS challenge. Reserpine (5 mg per kg body weight i.p.; dissolved in 25% DMSO-PBS) was injected at 24 h before the lethal endotoxemia. Fusaric acid (40 mg per kg body weight per dose i.p.) was administered at 8 h and 4 h before the LPS challenge. Fenoldopam (10 mg per kg body weight per dose i.p.) was injected at 30 min and 5 min before LPS administration. Pergolide (10 mg per kg body weight per dose i.p.; dissolved in 25% DMSO-PBS) was given at 12 h and 5 min before the LPS challenge. Butaclamol (12 mg per kg body weight i.p) was given 60 min before the endotoxemic challenge. In vitro, dopamine, fenoldopam, pergolide and butaclamol were used at 5 min before the LPS challenge at the concentration indicated in the figures.
l e t t e r S
Previous anti-inflammatory strategies against sepsis, a leading cause of death in hospitals, had limited efficacy in clinical trials, in part because they targeted single cytokines and the experimental models failed to mimic clinical settings [1] [2] [3] . Neuronal networks represent physiological mechanisms, selected by evolution to control inflammation, that can be exploited for the treatment of inflammatory and infectious disorders 3 . Here, we report that sciatic nerve activation with electroacupuncture controls systemic inflammation and rescues mice from polymicrobial peritonitis. Electroacupuncture at the sciatic nerve controls systemic inflammation by inducing vagal activation of aromatic l-amino acid decarboxylase, leading to the production of dopamine in the adrenal medulla. Experimental models with adrenolectomized mice mimic clinical adrenal insufficiency 4 , increase the susceptibility to sepsis and prevent the anti-inflammatory effects of electroacupuncture. Dopamine inhibits cytokine production via dopamine type 1 (D1) receptors. D1 receptor agonists suppress systemic inflammation and rescue mice with adrenal insufficiency from polymicrobial peritonitis. Our results suggest a new anti-inflammatory mechanism mediated by the sciatic and vagus nerves that modulates the production of catecholamines in the adrenal glands. From a pharmacological perspective, the effects of selective dopamine agonists mimic the anti-inflammatory effects of electroacupuncture and can provide therapeutic advantages to control inflammation in infectious and inflammatory disorders.
Sepsis is the leading cause of mortality in noncoronary intensive care units, killing over 250,000 patients annually and accounting for 9.3% of overall deaths in the United States [1] [2] [3] . Infection, hemorrhage, resuscitation, shock, trauma and cancer contribute to severe sepsis, which is characterized by overwhelming inflammatory responses that cause multiple organ failure 2, [5] [6] [7] [8] . New antibiotics are efficient in controlling the infection, but they do not control inflammation. Currently, there is no treatment approved by the US Food and Drug Administration for severe sepsis, and most of the therapies are largely supportive. Despite the promising results obtained from inhibiting single inflammatory cytokines such as tumor necrosis factor (TNF) or high-mobility group box-1 (HMGB1) in experimental models of sepsis 2, 7, 8 , these strategies have failed in clinical trials 9 . One explanation is that sepsis is not induced by a single cytokine and, thus, a successful treatment for sepsis may require inhibiting multiple cytokines. Recent studies indicate that the vagus nerve controls inflammation 10 and prevents lethal experimental sepsis 11, 12 . Multiple investigators have already reported that the vagus nerve controls systemic inflammation in experimental ischemia and reperfusion [13] [14] [15] , hemorrhage and resuscitation 15 , pancreatitis 16 , colitis 17 , endotoxemia 10, 11 , septic shock and severe sepsis 18, 19 . However, the clinical applications of direct vagal nerve stimulation are limited by the anesthetics and surgery required for the direct nerve stimulation. We hypothesized that electroacupuncture can be an alternative strategy for vagal stimulation. Although the use of electroacupuncture is endorsed by the US National Institutes of Health and the World Health Organization and there is growing evidence supporting its effects in postoperative and stroke rehabilitation [20] [21] [22] [23] , its mechanisms to control inflammation remain unknown 24, 25 .
Electroacupuncture at the ST36 Zusanli acupuncture point reduced the lipopolysaccharide (LPS)-induced serum levels of all the cytokines analyzed, including TNF, monocyte chemotactic protein-1 (MCP-1), interleukin-6 (IL-6) and interferon-γ (INF-γ) (Fig. 1a-d) . These results indicate that electroacupuncture inhibited and did not merely delay cytokine production. The anti-inflammatory effects of electroacupuncture are voltage dependent, and electroacupuncture with a wooden toothpick or stimulation of a non-acupuncture point did not inhibit cytokine levels ( Supplementary Fig. 1a-c) . We analyzed local sensory signals using capsaicin and selective neurectomies. Capsaicin, an agonist for transient receptor potential vanilloid member-1, which interferes with nociceptive and voltage-dependent neuronal pathways, abolished the anti-inflammatory effect of electroacupuncture (Supplementary Fig. 1d ). Surgical sectioning of the sciatic nerve, but not the common peroneal or tibial nerve, abolished the antiinflammatory effects of electroacupuncture (Fig. 1e) . These results Dopamine mediates vagal modulation of the immune system by electroacupuncture l e t t e r S suggest that the common peroneal and tibial nerves both contribute to the anti-inflammatory potential of electroacupuncture by activating the sciatic nerve. Conversely, direct electrical stimulation of the sciatic nerve mimicked the anti-inflammatory effects of electroacupuncture (Fig. 1f) in a voltage-dependent manner ( Supplementary  Fig. 1e ), demonstrating the ability of the sciatic nerve to control systemic inflammation in sepsis.
Given that the vagus nerve inhibits cytokine production in the spleen 11, 26 and prevents systemic inflammation in endotoxemia 11, 26 , we analyzed its contribution to the anti-inflammatory effects of electroacupuncture. Both cervical (Supplementary Fig. 2a ) and subdiaphragmatic (Fig. 1g) vagotomy abolished the anti-inflammatory potential of electroacupuncture, whereas splenectomy did not prevent this effect (Fig. 1g) . These results reveal a previously uncharacterized mechanism for vagal modulation of systemic inflammation. To define this mechanism, blood from mice given a sham operation (the same surgical procedure but without electrical stimulation) or from those that received electroacupuncture was treated in vitro with LPS. LPS induced TNF production in blood from sham mice but not in blood from mice treated with electroacupuncture ( Supplementary Fig. 2b) . Likewise, the serum from the mice treated with electroacupuncture attenuated in vitro TNF production in untreated blood (Fig. 1h) . This anti-inflammatory potential of the serum in mice treated with electroacupuncture was prevented by adrenolectomy ( Fig. 1h) but not by splenectomy (Supplementary Fig. 2c) . Conversely, electroacupuncture lowered serum TNF levels in control nonadrenolectomized but not in adrenalectomized mice (Fig. 1i) . We confirmed the role of catecholamines by using reserpine, a classical inhibitor of the vesicular monoamine transporter 26 , which abolished the anti-inflammatory effects of electroacupuncture ( Fig. 1i and Supplementary Fig. 2d ). Electroacupuncture increased serum levels of all the three catecholamines, predominantly dopamine and norepinephrine (Fig. 1j) . We conclude that the increase of catecholamines was mediated by the vagus nerve and the adrenal glands because either adrenalectomy (Fig. 1j) or cervical (Supplementary Fig. 2e ) or subdiaphragmatic ( Fig. 2a) vagotomy abolished the production of catecholamines. Direct electrical stimulation of the vagus nerve mimicked the production of dopamine and norepinephrine induced by electroacupuncture (Fig. 2a) . These results establish a new mechanism for vagal modulation of inflammation mediated by the adrenal glands that is independent of the spleen. The vagal innervation of the adrenal medulla has been recently reported by retrograde tracers 27 . Although sympathetic and parasympathetic systems are considered to act in opposition to maintain physiological homeostasis, the preganglionic sympathetic neurons and vagus nerve converge in the production of acetylcholine in the adrenal medulla. Given that acetylcholine is the principal neurotransmitter of the vagus nerve and that vagal immune modulation requires the α 7 nicotinic acetylcholine receptors (α 7 nAChRs) 28, 29 , we analyzed whether this receptor is required for electroacupuncture. α 7 nAChR was not required for For all panels, *P < 0.01 (n = 4 per group; one-way analysis of variance (ANOVA) with Bonferroni corrections), and data are expressed as mean ± s.e.m. npg electroacupuncture to inhibit serum TNF levels or induce dopamine or norepinephrine (Fig. 2a,b and Supplementary Fig. 3a) .
We analyzed the specific contribution of catecholamines using β 2 adrenoceptor (β 2 AR) knockout mice. β 2 adrenoceptors are necessary receptors for the anti-inflammatory effects of norepinephrine 26 . In vivo, electroacupuncture inhibited serum TNF levels in both control and β 2 AR knockout mice (Fig. 2b) . However, norepinephrine inhibited TNF production in the blood from wild-type but not β 2 AR knockout mice (Fig. 2c) , indicating that norepinephrine requires β 2 AR to inhibit TNF production in the blood. Together, these results indicate that electroacupuncture does not require norepinephrine to inhibit TNF production in the blood. We confirmed this hypothesis by using fusaric acid, a conventional inhibitor of the dopamine β-hydroxylase that abolishes norepinephrine production. Fusaric acid did not prevent the anti-inflammatory effects of electroacupuncture (Fig. 2b) , but it specifically inhibited electroacupuncture-induced production of norepinephrine without affecting dopamine levels (Fig. 2d) . By contrast, reserpine inhibited the production of both dopamine and norepinephrine and prevented the anti-inflammatory potential of electroacupuncture (Fig. 1i) . These results suggest that dopamine has a crucial role in the anti-inflammatory potential of electroacupuncture. These results also suggest a new npg l e t t e r S role for dopamine, which is conventionally viewed in critical care as just the biological precursor of norepinephrine. In order to determine how electroacupuncture induces dopamine, we analyzed the regulation of aromatic l-amino acid (DOPA) decarboxylase (which catalyzes the formation of dopamine from l-3,4-dihydroxyphenylalanine) and dopamine β-hydroxylase (which catalyzes the degradation of dopamine to norepinephrine) in the adrenal gland. Electroacupuncture increased the levels of DOPA decarboxylase in the adrenal medulla fourfold without significantly affecting the levels of dopamine β-hydroxylase (Fig. 2e,f) . It also activated the neuronal network of the adrenal medulla in the proximity of the chromaffin cells expressing high levels of DOPA decarboxylase (Fig. 2g) . Electroacupuncture treatment directly following the septic challenge reduced mortality, morbidity and weight loss in endotoxemic mice (Fig. 3a-c) and improved survival in mice with polymicrobial peritonitis induced by cecal ligation and puncture (CLP) (Fig. 3d) . Furthermore, electroacupuncture also 'rescued' the mice from lethal polymicrobial peritonitis even when the treatment was started 24 h after the CLP (Fig. 3e) . Given that recent studies reported adrenal insufficiency in patients with sepsis 4 , we analyzed whether electroacupuncture improves survival in adrenolectomized mice. Adrenalectomy rendered the mice more susceptible to polymicrobial peritonitis (Supplementary Fig. 3b ) and prevented electroacupuncture from improving survival in polymicrobial peritonitis (Fig. 3f) .
Given that the anti-inflammatory effects of electroacupuncture are mediated by dopamine, we reasoned that dopamine agonists may mimic electroacupuncture and control inflammation in patients with sepsis and adrenal insufficiency. We analyzed the anti-inflammatory potential of dopamine using fenoldopam, a highly selective agonist for peripheral D1 receptors, and pergolide, a highly selective agonist for D2-like receptors 30, 31 . Fenoldopam was more efficient than dopamine and pergolide at inhibiting LPS-induced TNF production both ex vivo and in mice (Fig. 4a,b) . The role of D1 receptors was confirmed by using butaclamol, a standard D1 receptor antagonist 32, 33 , which inhibited the anti-inflammatory effects of electroacupuncture (Fig. 4c,d and Supplementary Fig. 3c ). One dose of fenoldopam immediately following the induction of sepsis prevented mortality in polymicrobial peritonitis (Supplementary Fig. 3d ) and lowered serum HMGB1 levels (Fig. 4e) . As serum HMGB1 levels peak around 24 h after CLP 18 , we reasoned that treatment with fenoldopam could be started after the onset of sepsis to provide a clinically relevant therapeutic time window. Treatment with fenoldopam, started 24 h after CLP, rescued mice with adrenal insufficiency from established polymicrobial peritonitis (Fig. 4f) . We recorded survival for 3 weeks and observed no late deaths, which suggests that fenoldopam induced a lasting protection and did not merely delay the inflammatory responses. Our results concur with a randomized double-blind placebocontrolled pilot trial indicating that prophylactic fenoldopam can protect renal function in septic patients 34 . Furthermore, the present results indicate that fenoldopam can improve organ function and survival even when the treatment is started after the onset of sepsis. Together, these results suggest that dopamine D1 receptor agonists mimic the anti-inflammatory potential of electroacupuncture and can provide pharmacological advantages to control sepsis in patients with adrenal insufficiency and in a clinically relevant time frame (Supplementary Fig. 3e ).
MEtHODs
Methods and any associated references are available in the online version of the paper. Experimental sepsis. Endotoxemia and CLP were performed as we previously described 18 . LPS (E. coli LPS 0111:B4; Sigma Chemical, Saint Louis, MO) was dissolved in sterile pyrogen-free PBS (Gibco: Life Technologies, Grand Island, NY) and sonicated for 30 min immediately before use. Mice received a LD 50 dose (dose lethal to 50% of mice tested) of LPS (6 mg per kg body weight i.p.). LPS was added to the whole blood to a final concentration of 250 ng ml −1 for the in vitro procedures. CLP is the most clinically relevant experimental model of sepsis because the inflammatory responses are induced by both polymicrobial peritonitis caused by the cecal puncture and the necrotic tissue produced by the cecal ligation. Mice were anesthetized with ketamine (60 mg per kg body weight i.p.; Fort Dodge, Fort Dodge, IA) and xylazine (5 mg per kg body weight i.p.; Boehringer Ingelheim, St. Joseph, MO) and subjected to a standard CLP procedure with 50% average mortality rate as we previously described 18 . An abdominal incision of approximately 1.0 cm was performed to expose and ligate the cecum at 5.0 mm from the cecal tip away from the ileocecal valve. The ligated cecal stump was punctured only once with a 22-gauge needle, and the stool was extruded (~1.0 mm) to ascertain patency of puncture. The abdominal wound was closed in two layers, peritoneum and fascia (separately), to prevent leakage of fluid. All mice received antibiotic (enrofloxacine 0.9 mg per kg body weight subcutaneously; Baytril, Bayer Health Care, Swanee Mission, KA) dissolved in 0.9% normal saline immediately after surgery and every 12 h for 3 d. Goleta, CA). The data were processed with the MP150 Data Acquisition System (MP150WSW, Biopac Systems, Goleta, CA). Control mice underwent a sham surgery with the same surgical procedure but without the electrical stimulation. Electroacupuncture was performed similar to that described by Goldman et al. 24 . Electroacupuncture was performed by stimulating both limbs at the ST36 Zusanli acupoint by inserting each 12-mm unipolar stainless steel needle electrode (EL452, Biopac Systems, Goleta, CA) about 3 mm deep in each acupoint. The ST36 Zusanli acupoint is located 2 mm lateral to the anterior tubercle of the tibia in the anterior tibial muscle and 4 mm distal to the knee joint lower point. The ST36 Zusanli acupoint is located in the proximity of the common peroneal and tibial branches of the sciatic nerve 34, 35 . Control treatments included the same procedure but using a nonelectrical wooden 'toothpick' instead of the electrodes. Additional control treatments were performed by stimulating a distal nonacupoint. This nonacupoint is ~3 cm distal from the ST36 acupoint toward the tail and opposite to the knee joint. It is located over the semitendinosus muscle at 5 mm from the tail base. This nonacupoint is neither referred in the acupoint map of rodents nor close to any major nerve. For peroneal or tibial neurectomy, the dissection of the peroneal or tibial nerve was done as previously described 36 . A thigh incision was performed on its external face to expose the artery parallel to the femur. The quadriceps muscles were dissected to expose the common peroneal and the tibial branches of the sciatic nerve. The selective neurectomy of the common peroneal or the tibial branches was performed by exposing the nerve and stabilizing it with nylon thread, followed by surgical sectioning of the nerve. The nerves were dissected 72 h before the electroacupuncture.
In control sham-operated mice, the respective nerves were exposed and isolated from the surrounding tissue, but not transected. For sciatic neurectomy before electroacupuncture, a dorsal incision of ~1 cm was performed next to the posterior median line between the second and the fifth lumbar vertebrae. The latissimus dorsi muscle between the third and fifth lumbar vertebrae was dissected to expose the sciatic nerve branches on both sides of the dorsal root. The sciatic nerve branches were stabilized with nylon thread and cut just distal to the dorsal root ganglions. The sciatic nerve was sectioned 72 h before the electroacupuncture. For sciatic nerve stimulation, the sciatic nerve was exposed as described above, the nerve was not transected and the bipolar electrode was placed at the greater ischeal notch of the sciatic nerve for the electrical activation. Cervical vagotomy was performed as we previously described 29 . Mice were subjected to an anterior incision on the neck to access the sternocleidomastoid muscle. The sternocleidomastoid muscle was dissected to visualize the carotid artery and the vagus nerve. The vagus nerve branches on both sides of the neck were stabilized with nylon thread and cut. Subdiaphragmatic vagotomy was performed as we previously described 11 .
Mice underwent an abdominal incision covering the epigastrium and mesogastrium. The esophagus was exposed at the juncture to the stomach. Subsequently, the two vagal branches on both sides of the dorsal part of the esophagus were exposed by gently pulling down and twisting the stomach and stabilizing with nylon thread. Both vagal branches were then cut 72 h before the experimental procedure. Vagus nerve stimulation was performed similar to what we have previously described 11 . The subdiaphragmatic vagal branches were exposed as described above, and the two vagal branches on both sides of the dorsal part of the esophagus were exposed by gently pulling down and twisting the stomach. Both vagal branches were stabilized with nylon thread and transected 72 h before the stimulation, and the bipolar electrode was placed across the base of the esophagus to the distal tips of the vagal nerves.
Ablative surgeries. All mice were anesthetized with ketamine (60 mg per kg body weight i.p.; Fort Dodge, Fort Dodge, IA) and xylazine (5 mg per kg body weight i.p.; Boehringer Ingelheim, St. Joseph, MO) before the surgical procedures. Splenectomy was performed as we have previously described 11 . Anesthetized mice were subjected to an abdominal incision on the epigastrium and mesogastrium. The spleen was exposed by gentle retraction of the stomach to the side. The three main branches of the spleen artery were stabilized with nylon thread, ligated and cut. The spleen was removed and the wound was closed with sutures: catgut for the abdominal wall and nylon thread for the skin. Mice were splenectomized 3 d before the experimental procedure. Adrenalectomy was performed as described 29 . A dorsal incision from the npg
